The linear transformer driver (LTD) technological approach can result in relatively compact devices that can deliver fast, high current, and high-voltage pulses straight out of the LTD cavity without any complicated pulse forming and pulse compression network. Through multistage inductively insulated voltage adders, the output pulse, increased in voltage amplitude, can be applied directly to the load. In this paper, we present the design and first test results of an LTD cavity that generates such a type of output pulse by including within its circular array a number of third harmonic bricks in addition to the main bricks. A voltage adder made out of a square pulse cavity linear array will produce the same shape output pulses provided that the timing of each cavity is synchronized with the propagation of the electromagnetic pulse.
I. INTRODUCTION
The linear transformer driver (LTD) [1, 2] is a new method for constructing high current, high-voltage pulsed accelerators. The salient feature of the approach is switching and inductively adding the pulses at low voltage straight out of the capacitors through low inductance transfer and soft iron core isolation. LTD based drivers are considered for many applications including future very high current z-pinch inertial confinement fusion drivers like ZX, z-pinch inertial fusion energy drivers, and x-ray radiography. High currents can be achieved by feeding each core with many capacitors connected in parallel in a circular array. High voltage is obtained by inductively adding many stages in series. In addition to the relative compactness, LTD has a number of very significant advantages compared to the Marx-and-water-line technologies [3] .
Up to now the usual LTD cavity architecture provided sinusoidally shaped pulse outputs. The flexibility and applicability of the LTD drivers could be greatly enhanced if we could change the output pulse shape according to the requirements of the various applications. For instance, the radiographic accelerators would be greatly benefited if the voltage applied to the x-ray diode had a square or even flattop shape. The square pulse LTD cavity described, built, and analyzed in this paper accomplishes exactly that.
The idea of the square pulse LTD is based on the Fourier theorem, which states that any waveform can be reproduced by the superposition of a series of sine and cosine waves. In particular, the constant function fðxÞ for 0 x , defined as
can be reproduced as follows:
where p max ¼ 1. Figure 1 demonstrates the difference between Eqs. (1) and (2) depending on p max . For p max ¼ 2, Eq. (2) can be represented in the form
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where a ¼ 3. If a in Eq. (3) increases from 3 to $9, the top of the pulse flattens, as is shown in Fig. 2 . If the function f 2 ðxÞ is the current in the load, in order to produce this current pulse the driving circuit has to deliver to the load two sine pulses with different frequencies, ! 1 and ! 2 $ 3! 1 . The amplitude of the current pulse with the frequency ! 2 must be less than the one with the frequency ! 1 . The LTD architecture [1, 2] is convenient for this kind of pulse shaping because its discharge circuit is composed of multiple separate bricks connected in parallel. The output LTD pulse can have a flattop as in Fig. 2 if the bricks in the cavity are of two different kinds: a number of them are the standard ''! 1 '' bricks that deliver the main sinusoidal pulse into the load, and the others are the modified ''! 2 '' bricks that flatten the top of the output pulse.
In Sec. II we present brief analysis of the principles on which is based the selection of the square pulse LTD structure. Section III describes the design of the first square pulse LTD which was build and tested for this work. The simulation procedure is explained in Sec. IV, whereas Sec. V presents the experimental results compared with numerical simulations.
II. ESTIMATION OF THE SQUARE PULSE LTD PARAMETERS
The simplified electrical circuit of the square pulse LTD is shown in Fig. 3 . It consists of s standard and m modified bricks. Each brick includes two capacitors charged in opposite polarity and connected in series with the switch. The two buses (metal plates) connect the capacitors with the load. In Fig. 3 , C 1 and L 1 are, respectively, the total capacitance and inductance of the standard brick that generates the current pulse with the frequency ! 1 . Similarly C 2 and L 2 denote the same parameters of the modified brick generating the current pulse with the frequency ! 2 $ 3! 1 . All bricks are connected in parallel and triggered simultaneously at t ¼ 0. The load resistance is R L . We assume that both standard and modified bricks are charged to the same charge voltage U 0 , as this is preferable in an actual cavity.
For an arbitrary set of the parameters, the equations describing the circuit of Fig. 3 cannot be solved analytically. Fortunately, for our purposes, the approximate solution to these equations, derived by taking into account a number of simplifying assumptions, can adequately describe the above circuit behavior. These assumptions are: (i) since the standard bricks store the main energy, they should be matched to the cavity load, i.e., the following condition must be satisfied:
ffiffiffiffiffiffiffiffiffiffi ffi
is the circuit impedance of the standard brick. (ii) To flatten the output pulse top, the circuit frequency of the modified brick must be $3 times that of the standard brick, resulting in ffiffiffiffiffiffiffiffiffiffiffi
(iii) In the standard fast LTDs, the bricks are designed in such a way that for a given capacitor and switch the inductance L 1 is reduced to its minimum possible value. This means that the inductance L 2 is limited, at least from below, by the value
Equation (4) approximates the matched load of the square pulse LTD, whereas Eqs. (5) and (6) give the estimate for the capacitance of the modified brick as a function of the capacitance of the standard brick 040401-2
Simulations show that if the conditions (4)- (6) are satisfied, the standard and modified bricks discharge into the load R L as if they were almost independent of each other. Then the amplitude of the current delivered by s standard bricks into the matched load R L is
The amplitude of the current I 2 delivered by the mð<sÞ modified bricks into the load
This is because the load that the modified bricks see, R L , is much smaller (under matched) than their characteristic (5)- (9) indicate that the shape of the load pulse [defined by the coefficient a in Eq. (3), see Fig. 2 ] depends on the ratio of the number of standard and modified bricks in the cavity, because
III. DESIGN AND DIAGNOSTICS OF THE SQUARE PULSE LTD
The square pulse LTD was designed containing s ¼ 4 standard bricks each consisting of two capacitors GA 35460 (100 kV, 8 nF) connected in series, and m ¼ 2 modified bricks each consisting of four TDK ceramic capacitors type UHV-12A (50 kV, 1.7 nF) connected in series. The layout of this cavity is presented in Fig. 4 , showing the bottom row of the capacitors in the bricks. In the tests described below, the number of standard bricks was varied in order to compare the results with simulations. Figure 5 shows the design of the modified and standard bricks of the cavity. In both types of bricks the same multigap switches with corona discharge [4, 5] are used allowing these bricks to fire simultaneously when their capacitors are charged to the same voltage.
The cavity core is made of ET3425 iron tape with the thickness ¼ 80 m, and the length of its center line [6] (here is equal to the length of the core mean circumference) is ' $ 1:2 m. It consists of 6 rings, the total cross section of iron in these rings being S $ 53 cm 2 . At passive premagnetization [6] , which was used in tests described below, the volt-second integral of this core is VS CORE $ 17 mV s.
The cavity load is made as a 10-mm-wide, 124-mm-long double walled cylindrical cavity filled with KBr water solution; the position of this cavity is shown in Fig. 4 in light green. The load voltage U L was measured by using an external oil-filled resistive voltage divider. The input of this divider was located in the center of the cavity load, measuring the average load voltage around the load circumference.
The current flowing in the load was measured by using 3 differential-output B-dot monitors similar to those described in [7] . Red crosses in Fig. 4 marked as N, W, and S indicate the location of these monitors relative to the position of the modified bricks in the cavity. The resistance of the load was defined as R L ¼ U L =I L , where U L is the load voltage measured by the external voltage divider, and I L is the load current calculated as
where I W , I N , and I S are integrated signals from the corresponding B-dot probes. Equation (11) assumes that the current between the two right standard bricks is the same as that between the two left standard bricks. 
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IV. SIMULATION
The behavior of the square pulse LTD was simulated in PSPICE 1 [8] by using the circuit presented in Fig. 6 . It includes s ¼ 4 standard and m ¼ 2 modified bricks. The capacitors C 1 and C 2 have capacitance equal, respectively, to the total capacitance of the standard and modified brick, and they are charged to the same charge voltage U 0 . The inductors L 11 and L 21 represent the inductance of the capacitors and the switches in the bricks, and L 12 and L 22 represent the inductance of the strip lines connecting the capacitors with the accelerating gap of the cavity. The load inductance is L L , and its resistance is R L .
Each of the resistors R 1 ðtÞ and R 2 ðtÞ consist of two parts connected in series, one of them represents the constant resistance of the capacitors and the other the currentdependent resistance of the gas switches [9] . The model of Ref. [9] was used to simulate the brick switch resistance in order to separately take into account the influence of the different currents flowing in the standard and modified bricks.
The resistance R C connected in parallel to the inputs of the strip lines simulates the energy loss in the cavity core due to generation of the Eddy current in its material. According to [6] , the value of this resistance is
where ¼ 5 Â 10 À7 Ohm m is the specific resistivity of ET3425 iron, ÁB ¼ 3:2 T the induction swing of ET3425 iron at passive premagnetization, and
the induction swing produced in the core by the -long voltage pulse UðtÞ applied to the core. In terms of the volt-second integrals, Eq. (12) gets the form
where VS PULSE is the volt-second integral applied to the core (i.e. to the resistance R C ). This integral depends on the number of standard bricks s in the cavity and the load resistance R L . For each given s and R L , the values of VS PULSE and R C were defined in simulations by using the iteration process.
V. EXPERIMENTAL RESULTS
The parameters of the PSPICE circuit in Fig. 6 were verified in experiments where the cavity was charged to U CH ¼ AE100 kV (corresponding to U 0 ¼ 200 kV in Fig. 6 ) for different loads R L , varying between 0.85 and 3.45 Ohm, without the modified bricks and without the top metal cover. The removal of this cover interrupts the current loop around the core, thus excluding any influence of the core on the discharge circuit of the LTD cavity. Figure 7 shows, as an example, the recorded and simulated load voltage at s ¼ 4, m ¼ 0, R L $ 1:6 Ohm, and U CH ¼ AE100 kV. The PSPICE trace is obtained with R C ¼ 10 6 Ohms in the circuit of Fig. 6 . The installation of the modified bricks into the cavity squares the shape of the output pulse, as this is shown in Fig. 8 , where the recorded and simulated load voltage traces for s ¼ 4, m ¼ 2, R L $ 1:6 Ohm, and U CH ¼ AE100 kV are plotted. This shot was made also without the core and was simulated with R C ¼ 10 6 Ohms in the circuit of Fig. 6 .
The top of this pulse at s=m ¼ 2 is almost flat; this means that Eq. (10) must be modified:
The need for such modification appears because of relatively high resistance of the TDK ceramic capacitors, which was measured to be $0:3 Ohms per capacitor FIG. 6 . Square pulse LTD circuit used in PSPICE simulations. (resulting in $1:2 Ohms per each modified brick). This resistance damps the amplitude of the second current peak produced in the load by the modified bricks. Figure 9 shows the simulated voltage trace across the capacitors of the modified bricks in this shot. The peak reversal voltage is $36 kV, which is $18% of the charge voltage. Figure 10 presents the total load current I L calculated by using Eq. (11) in comparison with the currents measured in this shot by separate B-dot probes. The current I W measured between the standard bricks is larger than I N and I S measured opposite the modified bricks, indicating that the current flow in our circular load cavity is not homogeneous.
The installation of the core reduces the load voltage amplitude (Fig. 11) , indicating an energy loss associated with the core. Figure 11 shows the load voltage trace recorded with the same conditions as that in Fig. 8 ; the only difference between these two results is the presence of the top metal cover closing the current loop around the core and the installation of the core in the shot presented in Fig. 11 . The voltage amplitude in Fig. 11 is $10% less than that in Fig. 8, and at AE100 kV charge voltage. Figure 12 shows the currents recorded in this shot. In order to check if the relative number of the modified bricks determines the shape of the output pulse as described above in Sec. II, the performance of the square pulse LTD was tested with s ¼ 2 standard and m ¼ 2 modified bricks (with the core). Figure 13 presents the recorded and simulated (VS PULSE ¼ 3:34 mV s, R C ¼ 14 Ohms) load voltage in this case, indicating that the pulse becomes double peaked, as expected. The load currents recorded in this shot are shown in Fig. 14. Simulations predict that the top of the output pulse may rise or fall depending on the inductance of the modified bricks. This is because at the given load resistance this inductance determines the amplitude of the second current peak produced by the modified bricks in the load. In order to check this prediction in experiments, the width of the output strip lines of the modified bricks was reduced from 120 to 55 mm, thus increasing their inductance by $30 nH. Figure 15 presents the recorded and simulated (VS PULSE ¼ 3:22 mV s, R C ¼ 14:5 Ohms) load voltage in this case; the top of the output pulse decreases much faster, as predicted.
VI. CONCLUSION
The shape of the output LTD pulse can become square instead of the regular sinusoidal if the cavity is assembled with a number of modified bricks with capacitors of $10 times less capacitance than the capacitors of the standard bricks. The ratio of the modified to standard bricks defines the shape of the output pulse.
The top of the output pulse can be made flat, and also it can be made rising or falling depending on the inductance of the modified bricks. This opens the way to generate the shaped output pulses which are most preferable for specific applications.
Experiments with square pulse LTD which included modified bricks with ceramic capacitors, indicate that Eq. (10) should be modified into Eq. (15). This is due to the larger resistance of the ceramic capacitors. The square pulse LTD would be more efficient if low resistance oilfilled capacitors were used in both standard and modified bricks.
Compared with the standard bricks, the modified bricks occupy approximately the same volume inside the cavity but store less energy. This means that specific energy stored in the square pulse LTD cavity is less than that in the standard one. This conclusion may increase the size of the cavities in order to keep the stored energy constant for certain applications that require a large amount of currents per cavity. Other constraints may be the $18% voltage reversal on the capacitors of the modified bricks that could reduce their lifetime.
Concluding, we would like to reemphasize the advantage of the square pulse LTD as compared to the standard one. It can produce a more suitable power pulse (flattop or trapezoidal) for a number of applications such as: z-pinch drivers, flash radiography, high power microwaves, etc. In this paper, we presented the design and first test results of an LTD cavity that generates such a type of output pulse by including within its circular array a number of third harmonic bricks in addition to the main bricks. 
